In this paper, it is investigated how different types of automation would affect the safety for workers in asphalt paving. The risk for the workers on road construction sites is consistently high in comparison to the average risk of the working population. Automation has been suggested as an alternative for improving the safety in roadside construction assuming that removing workers will inherently eliminate the risk of them being injured. In this paper, the potential for improving the safety using automation is analyzed in detail. By investigating accident statistics and understanding the type of accidents that appear, several different automated functions for increased safety are proposed and described. Based on available statistics, it is possible to estimate the safety benefit, as the reduction in fatalities, for several of the proposed functions. The highest safety benefit would be achieved by automating the road traffic driving through the work zones. This has the potential of reducing the total number of road worker fatalities with over 30 %. In addition, it would decrease the number of road traffic accidents in work zones. Automation of construction machinery and dump-trucks also has the potential to increase the safety.
INTRODUCTION
The risk for workers on the road is consistently high in comparison to the risk most other people are exposed to when at work (Laborers' Health and Safety Fund of North America, 1998) . In a study from the UK Highways Agency published in 2006, almost 20 % of the responding road workers had been injured due to a passing vehicle at some point of their career (MVA, 2006) . It was further reported that 54 % had experienced a near miss. Apart from the obvious risk for physical injury, the work on the road also has negative psychological effects on the workers. In 2011, the union of road workers in Sweden published a report based on interviews with one thousand road workers (SEKO, 2011) . The report showed that 72 % of the workers are occasionally worried about the safety when working on the road. Furthermore, 88 % of the respondents did not think the road users showed sufficient respect for the construction workers.
Automation has been suggested as a possible alternative on how to improve the safety in roadside construction (Haas & Kim, 2002; Skibniewski & Hendrickson, 1990) . The basic idea is that removing the operators from dangerous areas eliminates the risk of them being injured. It is further known from traffic research that about 90 % of the accidents are due to the human factor. Hence, by automation, the corresponding accidents would be avoided. Removing the operator implies that the entire task needs to be handled automatically. This can be separated from emergency based automation where the function takes over control only in specific situations. This type of functions is often referred to as active safety functions.
The aim of this research is to investigate how different types of automation can increase the safety in roadside construction. The main focus of the study is accidents in asphalt paving with risk for severe injuries or fatalities. Furthermore, the scoop includes only the safety of the workers and not the road traffic (the traffic passing the construction site which is not part of the construction work).
OUTLINE OF THE STUDY
To give a general understanding of asphalt paving and aid the comprehension of safety issues the first part of the paper, description of the road construction site, describes an asphalt paving site. The description is mainly based on participant observation studies carried out by one observer during 2011 and 2012. In total, four construction sites in Sweden and one in US were included in the study. The sites were visited one to three times each depending on complexity and job duration. The sites where chosen to cover different types of paving such as parking lots, rural roads and motor ways. The site in US was included to compare Swedish (European) paving with American.
In the second part, accident analysis, an analysis of the safety is presented based on a qualitative and quantitative study. The qualitative study is performed to get a deeper understanding of accident types in asphalt paving and to be able to relate quantitative data for general road works to asphalt paving. The qualitative study included eight deep interviews with six subjects from Sweden and two from US. The interviews were semi-structured and led by one researcher. The study further included three focus group discussions, two in Sweden and one in US including in total 14 subjects. The focus group discussions were semi-structured and lead by one researcher. The total sample size was chosen to include a broad view of expertise within the area of asphalt paving. The sample included road workers, representatives from a machine manufacturer, a retail organization, road work contractors and the road administration in Sweden. The quantitative study is mainly based on earlier published data from US and complemented with unpublished accident data from a Swedish insurance company (AFA Insurance) and incident reports from some of the major Swedish road work contractors (PEAB, SKANSKA, SVEVIA). The AFA Insurance data included in total 47 accidents reported from 2005 to June 2012 while the road contractor data included 364 relevant incident and accident reports from 2010 to 2012. In both cases, the received data was in the form of accident and incident descriptions that had to be individually analyzed and clustered.
In the third part, automation and safety, automation concepts to increase the safety are described and potential safety benefits are evaluated. The safety benefit estimations are based on the quantitative data from the accident analysis.
DESCRIPTION OF THE ROAD CONSTRUCTION SITE
The aim of the asphalt paving zone is to create or replace a layer of asphalt on a new or existing road. The description is based on participant observation studies described in outline of the study. A sketch of the construction site is shown in Figure 1 . The work is performed in three different zones, the paving zone, the delivery zone and the compaction zone. Together they make up the construction zone. In many cases, road traffic is passing by close in a traffic zone. In the delivery zone, the trucks from the asphalt plant wait in line to deliver the asphalt. When its turn comes, the truck reverses towards and docks to the paver in the paving zone. The paver then pushes the truck while retrieving the asphalt in to its material hopper. When the truck is empty, it leaves the position and allows the next truck to dock to the paver. The material that enters the hopper is transported through the paver to the screed which is pulled behind the machine. After the screed, an even layer of asphalt is produced over the roadway. To achieve high quality, the material needs to be compressed. In the compaction zone, one or more compactors, follows the paver and operates in a predefined back and forth pattern to achieve the desired density. In the traffic zone, road traffic passes the construction zone.
There are a number of people involved in the process on the construction site. Each truck has a driver and each compactor has an operator. The paver normally has three operators, one on top of the machine while two screed operators travels on the screed or walks behind the machine. Apart from the machine operators there are often several workers that perform manual tasks on the ground.
When paving on existing roads, it is often the case that the road needs to stay open for traffic. Therefore, road traffic are often passing by very close. Especially, the screed operator on the traffic side of the paver is always positioned in a potentially dangerous spot close to the passing cars.
ACCIDENT ANALYSIS
Safety in regard to work zones includes both the safety of the passing traffic and the safety of the workers. The road traffic safety aspect has been investigated by several researchers. In general, the publications conclude that there is an increased accident risk on a road stretch with ongoing road work (Friberg, 2007; Tighe & McCabe, 2006) . The most common accident type is collision, either with a preceding vehicle which stopped for the construction zone (rear-end collision) or in to fixed objects in the work zone (Elghamrawy, 2011; Mahoney et al., 2006) . Excessive speed has been pointed out as one common reason for traffic accidents in road works (Friberg, 2007; Tighe & McCabe, 2006) .
Worker Safety
To get a detailed picture of the accident situation in asphalt paving and an understanding why accidents occur, a qualitative study was performed as described in outline of the study. The findings from the qualitative study are then compared to available data about accidents in roadside construction.
Qualitative study
The subjects give a unified view of the risks that exist for the workers on the road. Therefore, the material can be analyzed as a whole to give one description of the safety problem in asphalt paving.
When working on the road, there are threats from both outside the construction zone as well as from within the zone. In asphalt paving, the road traffic is often passing close to the workers and at the same time, machinery and trucks are operating within the construction zone. This can lead to dangerous situations and all subjects can recall serious incidents or accidents that they or someone they know have been involved in.
When focusing on severe accidents, it is obvious from the study that the road traffic is involved in most accidents. The vehicles collide with different parts and actors in the construction zone. Most often it is items such as signposts or barriers designed for collision, but on occasions, it is machines or workers. In comparison to the operators in the machines, the workers on the ground are unprotected. The consequences of a vehicle striking a worker are therefore normally severe. In most cases when a worker is struck, the vehicle intrudes into the construction zone where the accidents occur. However, in asphalt paving there is not always a clear line between the zones where the workers should be and where the road traffic should be. The subjects feel that the respect for construction workers is low among the road traffic population and that people often drive with high speeds and close to the workers. Trucks and buses are over-represented in safety critical situations. This is partly explained by the size and that they need more space, and that they often have tight schedules that need to be kept which can result in high speed.
Within the work zone, the compactors are pointed out as the greatest threat for the workers. There is an apparent risk to be "struck by" a compactor when working in the compaction zone. The compactors operate back and forth in the compaction zone and are driven towards the workers many times per day. In a moment of low attention there is risk for striking either a worker or the paver. The consequences can be severe. There is also a risk of being "struck by" the asphalt dump-trucks in the delivery zone. The trucks reverse towards the paver and a worker could be struck or pinched between the vehicle and paver. However, "struck by" truck accidents are not as common as "struck by" compactor accidents. This can be explained by the fact that there are normally less people in the delivery zone than in the compaction zone. In the compaction zone, there are workers all the time. In the delivery zone, there are only workers on occasions and at those times this should be communicated to the truck drivers.
Apart from "struck by" accidents, there are also other types of accidents that can have severe consequences, for example, roll-over accidents. However, this type of accident is uncommon in paving since the ground is flat and well-prepared. More frequent accidents are trip and falls that occur either when entering/exiting the machine or on the ground. The consequences here are generally less severe.
The conclusion of the qualitative study is that the severe accidents are "struck by" accidents and in order of most common:
1. Worker "struck by" a road traffic vehicle. The majority of the accidents occur when vehicles intrude into the construction zone. Trucks and buses are over-represented. 2. Worker "struck by" a compactor in the compaction zone. 3. Worker "struck by" a truck in the delivery zone.
Quantitative study
Two investigations based on fatal accidents at road construction sites in the US using data from the Bureau of Labor Statistics Census of Fatal Occupational Injuries (CFOI) have been conducted (Pegula, 2004 (Pegula, , 2010 . They include the years 1995 to 2002 and a total of 844 fatal accidents and the years 2003 to 2007 with 639 fatal accidents. The distribution of the fatalities is seen in Figure 2a . For both periods, the most common cause of death was "struck by vehicle or mobile equipment" (includes machines) which included 55 % of the fatalities. This supports the conclusion that "struck by" accidents are common in roadside construction and also specifically in asphalt paving. The second largest cause was "highway or non-highway incident" which includes all accidents when the victim was operating a machine or vehicle and is therefore quite wide. For example, this category also includes fatalities during transportation which did not occur at the actual construction site. The remaining categories are small and it can be established that, apart from "struck by" accidents, there are a wide spread in the causes for fatal accidents.
The distribution between vehicles and machines is shown in Figure 2b . It shows that 60 % of the "struck by" accidents were due to the road traffic. This is in line with the qualitative study but a greater majority was expected. A possible explanation for this can be that the CFOI data are for all road construction sites. In asphalt paving, the dump-trucks and machinery have clearly specified tasks and zones which could lead to fewer accidents. Data specific for asphalt paving were received from AFA Insurance as described in outline of the study. The data contained 9 "struck by" accidents. These very few data indicate that there is a rather even relationship between road traffic vehicles (4) and construction equipment (5) accidents. An analysis of (unpublished) incident data received from Swedish road work contractors described in outline of the study showed that 85 % of those reports involved a vehicle from the road traffic. It could be the case that the many incidents with cars, trucks and buses may lead to the conclusion that there is the same relationship between the categories when looking at severe accidents. However, this is not necessarily true. It is possible that road traffic incidents are more often perceived as dangerous compared to, for example, compactor incidents since the speeds are higher and the driver unknown.
The CFOI data showed that trucks are more common than cars in fatal accidents. In the data from Swedish road contractors, 33 % of the road traffic situations involved trucks or buses. Given the share of trucks and buses in the traffic population, this supports the conclusion from the qualitative study that trucks and buses are over-represented in incidents and accidents. Moreover, the great majority of the incidents included vehicles intruding the construction zone. This supports the conclusion that most accidents are within the construction zone which has also been shown in another study of CFOI data (Pratt et al., 2001 ).
The CFOI data shows that 2.6 % of the "struck by" fatalities are due to pavers and compactors. Most of these accidents can be expected to be due to compactors since the pavers normally move about ten meters/minute. The data from AFA Insurance support this since there are three compactor accidents and only one with a paver. According to CFOI data, 21% of the fatalities are due to dump-trucks. These figures are not consistent with the conclusion of the qualitative study where compactor accidents were more common than dump-truck accidents. However, the CFOI data are for all road construction. Asphalt paving can be expected to have fewer truck accidents since the delivery zone is very well defined and there are normally no people within the zone. The conclusion from the qualitative study is supported by the data from AFA insurance where four accidents with pavers/compactors are included compared to one dumptruck accident. It can therefore be expected that the number of "struck by" dump-truck accidents that occur in asphalt paving should be smaller than the number of "struck-by" paver/compactor accidents. 
AUTOMATION AND SAFETY
Based on the accident types in section accident analysis, the effect of different safety of automation concepts can be estimated. The analysis showed that the most frequent severe accidents are "struck by vehicle or mobile equipment". This type of accidents could be avoided by either full automation where the machine is controlled never to strike a worker, or by active safety functions which intervene if an accident is imminent. A list of possible automated functions to remove "struck by" accidents and improving the safety in road works and asphalt paving are presented in Table 1 . The safety effect of the proposed functions in Table 1 is analyzed in the following paragraphs. The safety benefit is calculated as the percentage of the fatalities that could have been avoided by the specific function. For the calculations, the CFOI data (Pegula, 2004 (Pegula, , 2010 and the distributions in Figure  2a and b are used. For example, automating the road traffic driving through construction sites could avoid workers being hit by traffic. The possible benefit is calculated as 55 % ("struck by" fatalities out of all fatalities) times 60.3 % ("struck by" road traffic out of all "struck by" accidents) resulting in 33.2 %. The estimated benefit could only be achieved with a system that could handle all accidents in the category and is therefore a maximum limit. The actual benefit will depend on the performance of the developed system. In worst case, incautious automation could actually decrease the safety by introducing new accidents. An overview of the estimated safety benefits is shown in Table 2 . As can be expected, functions that cover general road works (1-3 and 7) will have a much higher safety benefit than functions developed for specific type of road works (4-6). However, the data from AFA Insurance indicate that "struck by" compactor accidents can make up as much as one third of all "struck by" accidents in asphalt paving. 
Automation of manual tasks
Automation of manual tasks to remove the workers on the ground would have a very high safety benefit. At least all fatalities caused by "struck by" accidents (55 %) could potentially be avoided. Moreover, by removing workers from the site, the exposure to other accident types would also decrease and the safety benefit can be expected to be higher than 55 %. However, the wide range of tasks that are handled by the workers on the ground is very complex to automate. It would be possible to automate specific tasks to reduce the number of workers on the ground with limited safety benefits.
Automated driving through construction site
Automating cars, trucks and buses to follow the desired path would prevent them from intruding into the construction zone and striking people. In this way, the 33 % "struck by" vehicle fatalities could be avoided. Additionally, a number of fatalities from other accidents where the vehicle strikes a machine or dump-truck could be avoided. Moreover, the safety for the road traffic would improve since the vehicles would be controlled not only to avoid workers but any items and machines on the construction site.
The concept of automated driving through construction site was researched in the European research project Highly Automated VEhicles for intelligent transport (HAVEit) (Schrinner et al., 2010) . In the project, a function called Automated Assistance in Roadworks and Congestion (ARC) was developed and demonstrated. The function handled both longitudinal and lateral control when driving through work zones. Apart from the control of the vehicle which has been proven and partly exists in many cars already today, for example, Adaptive Cruise Control, also communication with the road works is needed. This type of communication between vehicles and infrastructure has been developed and demonstrated in several research projects, and is believed to reach the market in a near future. The possible biggest challenge for this type of system is the collaboration between many partners which would be needed. Car, truck, bus and construction equipment manufacturers would have to work together with road work contractors and road authorities for the system to become reality.
An alternative to fully automating the road traffic would be to only automate the speed control. By doing this, it would be possible to force the vehicles to follow the legal speed. High speed has been pointed out as a reason for many of the accidents. Moreover, accidents in lower speed have less severe consequences. Therefore, the safety benefit can be expected to be high also if only automating the speed.
Emergency braking for road traffic
Automated emergency braking for pedestrians exists in premium passenger cars already today. The safety benefits from this type of system would theoretically be avoiding 33 % of all fatalities among road workers. However, the systems that exist today are developed to work in city environments and it is unclear how well they will perform when entering a more unstructured work site environment. Moreover, the systems only work in low speeds.
Automated compaction
Automating compactors has the potential to reduce the total number of fatalities with less than 1.4 % as seen in Table 2 . This includes the fatalities where a worker is struck by a compactor. There has been research towards automated compaction (Krishnamurthy et al., 1998) . The developed function AutoPave monitored the position of the compactor and calculated the desired path and real-time guidance for the operator. Automatic control was not used but based on such an algorithm it would be possible to also take control over the speed and steering of the machine. However, there is a major challenge to introduce fully automated machines in an environment where a failure could have such extreme consequences as when operating close to road traffic.
Emergency intervention for compactors
In the same way as for automated compaction, emergency intervention for compactors would have the potential to remove less than 1.4 % of the fatalities. Developing an emergency intervention function for compactors would be less complex than to automate the compaction. However, the safety benefits can be expected to be in the same region. Moreover, this type of functionality could be possible to move to other type of machinery with only minor modifications. Compared to fully automated functionality, it is significantly easier to introduce emergency based functionality on the machines.
